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Members  of  the  faculty  who  teach  at  the  undergraduate  and  graduate  levels  and  a number  of 
professional  engineers  and  scientists  whose  primary  activity  is  research  generate  and  conduct  the 
investigations  that  make  up  the  school's  research  program.  The  School  of  Engineering  and  Applied  Science 
of  the  University  of  Virginia  believes  that  research  goes  hand  in  hand  with  teaching.  Early  in  the  J 

development  of  its  graduate  training  program,  the  School  recognized  that  men  and  women  engaged  in 
research  should  be  as  free  as  possible  of  the  administrative  duties  involved  in  sponsored  research.  In  1959, 
therefore,  the  Research  Laboratories  for  the  Engineering  Sciences  (RLES)  was  established  and  assigned  the  (! 

administrative  responsibility  for  such  research  within  the  School.  ■ 

The  director  of  RLES— himself  a faculty  member  and  researcher— maintains  familiarity  with  the  i 

support  requirements  of  the  research  under  way.  He  is  aided  by  an  Academic  Advisory  Committee  made  up  I 

of  a faculty  representative  from  each  academic  department  of  the  School.  This  Committee  serves  to  inform 
RLES  of  the  needs  and  perspectives  of  the  research  program. 

In  addition  to  administrative  support,  RLES  is  charged  with  providing  certain  technical  assistance.  j 

Because  it  is  not  practical  for  each  department  to  become  self-sufficient  in  all  phases  of  the  supporting 

technology  essential  to  present-day  research,  RLES  makes  services  available  through  the  following  support 
groups:  Machine  Shop,  Instrumentation,  Facilities  Services,  Publications  (including  photographic  facilities), 
and  Computer  Terminal  Maintenance.  I 
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Introduction  and  Background 

Boron  filaments  are  perhaps  one  of  the  most  technologically 
important  developments  in  the  materials  industry  in  many  years. 

The  high  specific  strength  and  modulus  of  this  material  makes  it 
ideal  as  a reinforcement  for  organic  and  metal  matrix  composites. 
Many  applications  for  the  material  can  be  envisioned,  however, 
there  has  been  a certain  reluctance  by  designers  and  manufacturers 
to  utilize  boron  composite  materials  primarily  because  of  their 
high  cost.  There  are  limited  applications  today,  particularly  in 
the  aerospace  industry,  where  boron  composites  are  cost  effective. 

In  the  large  part  however  they  have  been  excluded  from  incorporation 
into  specific  hardware  items  because  of  the  stigma  of  high  cost. 
Conventional  materials  are  then  used  without  long-range  considera- 
tions of  cost  savings  due  to  improved  performance  and  service  life. 

Several  factors  can  be  cited  which  would  reduce  the  cost  of 
the  filaments  and  hence  the  ultimate  composite  cost,  the  primary 
one  of  which  is  volume.  But  it  is  difficult  to  create  a volume 
market  without  first  reducing  the  price  to  a cost  competitive 
level.  Based  on  this  premise,  a secondary  factor  to  reduce  the 
cost  of  the  filament  is  to  increase  production  speeds.  It  is 
physically  possible  to  increase  production  speeds  of  boron  filaments 
by  2-3  times  using  existing  manufacturing  equipment  and  techniques; 
however,  the  filament  obtained  is  of  inferior  quality  having, 
generally,  a low  tensile  strength  making  it  unacceptable  for 


existing  composite  specifications.  The  reason  for  the  low  tensile 


strength  has  been  attributed  to  an  internal  defect  called  the 
"crack  tip"  mode  of  failure  and  is  believed  to  be  related  to 
an  undesirable  residual  stress  distribution  in  the  boron  filament 
(Figure  1) . This  is  based  on  the  fact  that  the  low  tensile 
strength  is  occasionally  accompanied  by  spontaneous  splitting 
of  the  filament.  Consequently,  if  one  could  understand  the 
residual  stress  distribution  in  boron  filaments,  its  relation- 
ship to  fracture  of  the  filaments,  and  what  factors  influence 
it,  then  it  might  be  possible  to  determine  techniques  to  alter 
the  residual  stress  pattern  to  a more  favorable  configuration. 

This  would  lead  to  faster  production  speeds  and  considerably 
lower  cost  boron  filament. 

Several  limited  studies  have  been  conducted  on  residual 
stresses  in  boron  f ilaments^" ' ^ ^ ^ ^ . The  essence  of  these 
studies  was  to  determine  the  configuration,  magnitude  and  apparent 
causes  of  the  stresses  in  the  filaments.  Virtually  nothing  has 
been  done  to  relate  specific  process  conditions  or  fundamental 
material  properties  to  unfavorable  stress  distributions.  Un- 
fortunately, this  area  of  research  was  ignored  when  accelerated 
emohasis  was  placed  on  fabricating  and  studying  the  filament  in 
composites.  The  results  of  the  above  studies  were  all  basically 
in  agreement  showing  the  outer  surface  layers  being  in  residual 
compression,  the  layers  of  boron  next  to  the  tungsten  boride 
core  being  in  residual  tension  and  the  core  itself  being  in 
residual  compression.  Figure  2 is  a schematic  diagram  depicting 
the  typical  residual  stress  configuration  in  the  boron  layer  for 
a filament  produced  on  a carbon  substrate.  The  magnitudes  for 


the  residual  stresses  in  this  figure  were  determined  by  two 
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different  techniques  and  gave  remarkable  agreement  • In  general, 
the  reported  magnitudes  for  the  stresses  vary  depending  on  the 
techniques  used  for  measurement,  however,  all  are  within  reasonable 
agreement . 

The  primary  causes  of  the  residual  stresses  were  attributed 
to:  thermal  expansion  mismatch  between  deposited  boron  and  the 
boride  core;  volume  expansion  within  the  core  due  to  diffusion 
and  reaction  to  form  borides;  quenching  in  the  mercury  electrode 
at  the  exit  end  of  the  reactor;  and  elongation  in  the  boron  during 
deposition.  Both  boron  filaments  produced  on  tungsten  and  carbon 
substrates  contain  residual  stresses,  however,  filament  produced 
on  carbon  do  not  appear  to  give  as  high  values  as  boron  on  tungsten. 
This  is  probably  due  to  the  fact  that  there  is  no  diffusion  and 
reaction  and  hence  volume  expansion  in  the  core  region  eliminating 
this  cause. 

Of  the  aforementioned  contributors  to  the  residual  stresses 
in  boron  filaments,  it  is  felt  that  boron  elongation  curing  de- 
position is  perhaps  the  predominant  cause  of  unfavorable  residual 

stress  patterns  when  atttempting  to  increase  production  soeed. 

7 

Talley  first  detected  the  phenomena  when  he  noted  that  boron 

deposited  on  a tungsten  substrate  elongated  by  10°^.  More  recently 

8 , 9 

other  investigators  have  conducted  a broader  study  of  the 

effect  while  attempting  to  deposit  boron  on  carbon  monofilament 
substrate.  It  was  observed  that  the  boron  elongated  sufficiently 
to  break  the  carbon  substrate.  This  is  due  to  the  fact  that  the 
boron  layer  formed  a sufficiently  strong  bond  with  the  carbon 
substrate  and  the  elongation  during  deposition  exceeded  the  strain 
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to  failure  of  the  non-elongating  carbon  monofilament,  causing 
fracture.  Fracture  of  the  carbon  substrate  created  local  electrical 
discontinuities  and  hence  hot  spots  which  gave  rise  to  crystalline 
boron  of  very  low  tensile  strength. 

Measurements  showed  that  boron  elongation  was  primarily 
dependent  on  deposition  temperature  being  the  greatest  for  the 
low  temperature  end  of  the  deposition  range  (i.e.  approximately 
2.5%  elongation  at  100Q°C  versus  1%  elongation  at  1200-1300°C 
at  a diameter  of  2 mils) . Other  factors  such  as  reactant  gas 
composition,  selected  impurity  additives  or  tension  of  the  sub- 
strate appeared  to  have  little  or  no  effect.  A technique  was 
devised  to  circumvent  this  phenomenon  by  pre-depositing  a thin 
layer  of  pyrolytic  graphite  which  did  not  bond  with  the  carbon 
monofilament  thereby  allowing  the  boron  to  slide  and  rearrange 
during  elongation. 

Boron  elongation,  in  general,  is  one  of  the  least  understood 
fundamental  properties  of  the  material.  It  is  certainly  a prime 
contributor  to  the  residual  stress  distribution  in  the  as  produced 
filament  and  this  stress  distribution  has  a strong  bearing  on 
tensile  and  transverse  strengths  (splitting) . 

Along  these  same  lines,  observations  have  been  made  by 
Soviet  scienti sts^ ^ ^ ^ which  may  also  be  strongly  related 

to  elongation  and  residual  stresses  in  boron  filaments.  These 
studies  showed  that  annealing  the  filaments  at  approximately 
300°C  for  short  times  increased  the  tensile  strength  by  12%. 

This  increase  was  accompanied  by  a decrease  in  flexural  strength 
which  was  not  understood.  Of  interest  is  the  fact  that  the 


material  displays  an  internal  friction  peak  (a  relaxation 

maximum)  at  approximately  the  same  temperature.  Also,  it 

was  noted  that  there  is  anomalous  behavior  in  the  thermal 

expansion  characteristics  and  in  resistance  in  the  filaments 

in  this  same  temperature  region.  These  observations  along 

with  boron  elongation  may  be  influenced  by  or  related  to  the 

anelastic  behavior  displayed  by  boron  filaments  and  recently 

13 

described  by  DiCarlo  . Some  evidence  in  the  present  program 
suggests  that  there  is  a relationship.  All  of  these  appear 
to  be  fundamental  phenomena  which  are  probably  controlled  by 
a structural  rearrangement  in  the  material  and  have  a possible 
relationship  with  the  elongation  and  residual  stress  phenomena. 

The  steps  taken  to  minimize  the  influence  of  boron  elonga- 
tion on  carbon  substrate  were  really  circumventing  or  ignoring 
the  basic  problem  in  order  to  achieve  a viable  product.  The 
procedure  to  pre-deposit  the  PG  layer  while  successful  has  its 
limitations  and  adds  to  the  cost  of  producing  the  filament. 

This  emphasizes  the  purpose  of  the  proposed  work  that  if  we  can 
understand  the  fundamental  property  of  elongation  and  hence 
residual  stresses  in  boron  then  there  may  be  certain  measures 
one  can  take  to  eliminate  or  control  it. 

The  primary  objective  of  this  investigation  is  to  perform 
a fundamental  study  on  elongation  in  boron  produced  by  chemical 
vaoor  deposition  in  an  attempt  to  understand  the  basic  natuare  of 
this  phenomenon.  It  is  then  planned  to  determine  what  factors 
influence  boron  elongation  and  how  it  is  related  to  the  elastic 
properties  and  the  ultimate  residual  stress  distribution  in  as 
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produced  boron  filaments.  Using  these  results  it  will  be 
possible  to  investigate  techniques  to  minimize  the  elongation 
which  will  possibly  lead  to  faster  filament  production  speeds 
and  lower  cost  filament. 

Experimental  Procedure 

A typical  boron  production  reactor  is  schematically  shown 
in  Figure  3.  The  reaction  to  form  boron  filaments  is  carried 
out  by  the  hydrogen  reduction  of  boron  trichloride  in  the  manner 
described  by  the  equation 

heat 

2BC1  + 3H  - 2B  + 6HC1. 

3 2 

The  substrate  wire,  typically  13  micron  tungsten,  or  36  micron 
carbon  is  pulled  through  the  chamber  by  a substrate  takeup 
motor  and  is  heated  electrically  to  the  desired  temperature 
(1000  - 1300°C) . Mercury  serves  as  electrical  contacts  as  well 
as  gas  seals  in  the  chamber.  A mixture  of  the  reactant  gas 
is  passed  through  the  deposition  chamber  at  positive  pressure 
where  it  contacts  the  heated  substrate  wire  and  deposits  boron. 
Also  shown  in  this  figure  is  the  temperature  profile  assumed 
by  boron  filament  on  tungsten  while  it  is  being  produced.  The 
highest  temperature  along  the  profile  is  called  the  deposition 
or  "hot  spot"  temperature  and  is  normally  located  just  a few 
inches  below  the  entrance  end  of  the  reactor.  The  temperature 
at  the  exit  end  of  the  reactor  is  200-300°C  lower  than  at  the 
"hot  snot"  and  is  due  to  a resistance  decrease  in  the  filament 


as  the  diameter  increases  (current  is  maintained  constant  through 


-8- 


a filament  during  production) . Hence  one  can  see  that  "normal" 
as  produced  boron  (on  tungsten)  filaments  are  deposited  over  a 
rather  severe  temperature  gradient  which  considering  the  con- 
tribution of  boron  elongation  leads  to  a complicated  residual 
stress  situation. 

In  spite  of  the  apparent  undesirability  of  the  temperature 
profile,  it  is  this  profile  that  has  produced  the  highest  quality 
filament.  Speeding  the  process  up  be  creating  a uniform  tem- 
peratuare  profile  in  the  reactor  by  means  of  auxiliary  VHF. 
heating  or  by  other  techniques  (of  a proprietary  nature)  have 
lead  to  poor  quality  filament  that  predominately  fail  as  a 
result  of  the  characteristic  "crack  tip"  mode  of  failure,  rep- 
resentative of  abnormal  residual  stresses. 

The  program  being  conducted  at  UVa  is  to  produce  boron 
filament  by  chemical  vapor  deposition  using  a static  reactor. 

Using  this  type  reactor  will  eliminate  many  of  the  variables 
encountered  in  a continuous  process  and  allow  much  greater 
control  over  growth  of  the  filament  and  consequently  greater 
ease  of  observation  and  recording  of  the  growth  and  elongation 
process.  A very  important  factor  using  this  type  reactor  will 
be  the  ability  to  achieve  and  maintain  a uniform  temperature 
along  the  length  of  the  filament  during  boron  growth. 

Elongation  measurements  are  made  using  the  device  constructed 
during  the  program  and  shown  schematically  in  Figure  4.  The 
basic  concept  is  one  of  a change  in  inductance  of  a coil  located 
in  a bridge  circuit.  A small  steel  rod  is  attached  to  the  sub- 
strate and  positioned  in  the  coil.  The  meter  is  then  set  at 


zero  by  a balancing  resistor.  As  the  filament  elongates  during 
growth,  readings  can  be  taken  from  the  meter  or  traced  by  a 
recorder  for  a permanent  record.  The  substrate  is  heated  resistively 
by  a DC  power  supply  and  the  temperature  measured  by  a Milletron 
Ratioscope . 

Substrates  used  to  date  in  this  study  have  included  tungsten 
of  diameters  5,  13,  18,  33  38  and  43  microns  and  carbon  of  36 
microns  in  diameter.  The  carbon  substrate  was  coated  with  a 
thin  laver  (aoproximatelv  1 y ) of  pyrolytic  graphite  to  minimize 
"light  bulbing”. 

Primary  deposition  variables  investigated  have  been  deposition 
temperature,  filament  tension,  substrate  diameter  and  doping 
(impurity  addition). 

In  addition  to  elongation  measurements  the  filaments  were 
subjected  to  a series  of  characterization  experiments  to  define 
structural  and  microstructural  phenomena.  A Philips  400  analytical 
electron  microscope  was  used  to  obtain  electron  micrographs  and 
electron  diffraction  patterns  from  inner  and  outer  portions  of 
the  filaments.  Filaments  subjected  to  electron  microscopy  were 
appropriately  thinned  (either  from  the  outer  surface  to  the  inner 
surface  or  vice  versa)  using  an  ion  micromilling  instrument 
(Commonwealth  Scientific  Model  III). 

Experiments  to  measure  the  anelastic  effect  in  the  filaments 
were  made  using  the  previously  described  elongation  measurement 
device  while  heating  to  various  temperatures  in  a hydrogen,  helium 
nitrogen  and  argon  atmospheres. 
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Re^ults  and  Discussion 

The  initial  CVD  experiments  were  designed  to  generate  data 
to  define  a model  for  elongation  in  boron  filaments.  Initial 
emphasis  was  on  using  tungsten  substrates  of  various  sizes.  The 
results  of  these  experiments  are  shown  in  Figure  5.  It  was  noted 
that  with  the  large  tungsten  substrates,  the  elongation  was  linear 
with  time;  whereas  the  smaller  the  diameter  of  the  substrate,  the 
greater  was  the  deviation  from  linearity. 

The  shape  of  these  curves  can  be  explained  by  the  growth 
mechanism  of  boron  on  tungsten  filament.  During  growth  of  the 
boron  filaments,  a boron  sheath  is  formed  around  the  tungsten 
substrate  and  simultaneously  boron  diffuses  into  the  wire.  It 
has  been  shown  that  different  tungsten  borides  are  formed  in  the 
core  due  to  this  boron  diffusion  (i.e.  W^B,  5WB,  VJB  ^ ) . 

The  rapid  increase  in  length,  for  the  smaller  diameter  tungsten 
substrates  (up  to  18p)  signified  the  boriding  of  the  tungsten, 
whereby  diffusion  and  reaction  is  such  that  all  of  the  tungsten 
is  depleted  resulting  in  only  tungsten  borides  in  the  core.  This 
leads  to  a rather  large  volume  change  (approximately  301)  in  the 
core  region  which  is  partially  transmitted  axially  within  the 
filament  leading  to  the  large  elongations  observed  in  filaments 
produced  on  small  diameter  tungsten  substrates.  This  implies 
that  the  deposited  boron  must  undergo  considerable  deformation 
to  accommodate  the  large  strains  imparted  to  it.  At  least  part 
of  this  deformation  has  been  reported  to  be  anelastic^  and  is 


recoverable . 


Experiments  were  attempted  to  determine  if  the 
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filaments  undergo  plastic  deformation  under  application  of 

tensile  forces  at  elevated  temperature  (approximately  1000  C) 

in  an  argon  environment.  All  tests  resulted  in  premature  failure 

of  the  boron  filaments  without  any  evidence  of  plastic  yielding 

. ,14 

as  previous  reported 

The  large  diameter  substrate  samples  shown  in  Figure  5 
have  a considerable  amount  unreacted  tungsten  remaining  in  the 
core  which  constrains  the  axial  expansion.  This  leads  to  much 
lower  elongations  (:  2%)  but  in  general  a more  highly  stressed 
(brittle)  and  weaker  filament. 

In  general,  elongation  measurements  on  the  tungsten  substrates 
are  meaningless  when  considering  boron  elongation  alone.  The 
expanding  core  dominates,  distorting  the  results.  Consequently, 
this  makes  it  virtually  impossible  to  define  an  elongation  model 
per  se.  These  are  real  data  though,  in  a real  system  and  when 
combined  with  anelastic  effects  in  boron  lead  to  a very  complex 
internal  stress  situation  in  the  filament. 

To  obtain  the  most  meaningful  data  on  boron  elongation,  the 
influence  from  the  substrate  must  be  minimized.  This  can  be  most 
closely  accomplished  by  using  a carbon  substrate  in  which  there 
is  no  diffusion  and  reaction  in  the  core.  Figure  6 shows  some 
data  taken  using  a carbon  monofilament  substrate  (PG  coated) 
under  static  conditions  in  a production  reactor.  Of  interest 
here  is  the  lower  ultimate  elongation  than  evident  in  the  use 
with  the  tungsten  substrate.  This  is  expected  since  there  is 
no  volume  expansion  in  the  core.  Also  the  higher  deposition 
temperature  samples  elongate  less  and  do  not  have  the  pronounced 


dip  in  the  curve  that  the  1200°C  samples  have.  That  the  higher 

deposition  temperatures  produce  filaments  that  elongate  less  is 

9 

a fact  already  reported  by  “ehalso  and  Diefendorf  . (The  substrate 
used  in  earlier  experiments  and  used  in  present  oroduction  have 
a different  tnernal  history  which  may  influence  any  comparisons 
o f data . ) 

The  dip  in  the  lower  temperature  samples  occurs  as  a result 

of  "light  bulbing"  or  fracture  of  the  carbon  substrate.  The  more 

this  occurs  the  less  constraint  the  carbon  core  has  on  the  elongating 

boron  and  the  greater  the  recorded  elongation.  Typically  the  amount 

of  elongation  at  1250°C  was  approximately  3.53  in  30  seconds 

(filament  diameter  approximately  130u).  In  filament  produced 

o 

at  lower  temperature  (1200  C)  and  which  exhibited  "light  bulbing" 
elongation  extended  to  above  4.53.  Use  of  deposition  temperatures 
lower  than  1200°C  led  to  profuse  "light  bulbing"  which  tended  to 
distort  elongation  measurements. 

The  carbon  monofilament  substrate  used  in  these  studies  is 
routinely  heat  treated  to  above  2000°C  prior  to  its  usage.  This 
leads  to  lower  creep  in  the  substrate  than  previously  reported8. 
Applying  a load  of  12gm  (15,000  osi)  and  heating  the  substrate 
to  deposition  temperature  (1250°C)  produced  only  0.163  elongation. 
Substrate  used  in  the  previous  studies  exhibited  approximately 
33  creep  with  a tension  of  30,000  psi  applied  at  deposition  tem- 
perature. 

Figure  7 gives  additional  data  obtained  on  carbon  substrate. 

The  upper  curve  is  elongation  data  produced  on  substrate  that  had 
been  prestressed  (in  the  creep  studies)  and  then  used  for  deposition 


of  boron  while  subjected  to  a greater  load  (approximately  10  times) 

It  can  be  seen  that  tension  does  appear  to  have  an  influence 

on  the  filament  elongation  (compare  with  the  other  curves) . No 

noticeable  "light  bulbing"  occurred  in  these  runs.  Since  the 

substrate  had  been  prestressed  at  deposition  temperature  prior 

to  deposition  and  there  was  no  obvious  "light  bulbing"  then  the 

greater  elongation  appears  to  be  due  to  a tension  effect  on  the 

8 9 

elongating  boron.  This  is  contrary  to  previous  observations  ' . 

Reactant  gas  history  does  not  appear  to  have  an  influence 
on  elongation.  The  curves  in  Figure  7 for  plant  BCI3  and  "depleted 
BCl^  are  not  significantly  different.  The  primary  difference 
between  these  reactant  gases  is  that  the  plant  BCl^  contains 
diborance  (approximately,  4% ) whereas  the  "depleted"  BCl^  is  of 
relatively  high  purity.  The  presence  of  this  species  in  the 
reactant  gas  leads  to  a faster  deposition  rate  than  obtained  in 
the  pure  BCI3. 

Preliminary  experiments  to  determine  the  influence  of  impurity 
additions  indicate  that  there  is  no  influence  on  elongation 
properties  at  all.  Silicon  from  SiCl^  and  tungsten  from  WF^ 
were  added  in  small  amounts  (less  than  2°,)  to  the  BCI3  for  co- 
deposition onto  the  carbon  substrate.  No  significant  difference 
in  elongation  was  noted. 
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Elongation  Model  and  Structural  Studies 

A mechanism  for  boron  filament  elongation  has  been  suggested 

15 

in  earlier  work  by  Mehalso  . The  essence  of  this  model  is  that 
each  layer  of  boron  is  deposited  with  less  than  maximum  density 
(i.e.  many  vacancies,  partial  icosahedra  and  individual  atoms). 

With  continued  deposition  there  is  a radial  diffusion  of  boron 
atoms  towards  the  core  and  vacancies  toward  the  surface  of  the 
filament.  The  driving  force  for  this  diffusion  is  overall  lowering 
of  the  energy  of  the  system  whereby  the  boron  atoms  are  seeking 
a more  ordered  state  (i.e.  their  lowest  energy  position).  The 
diffusion  of  atoms  into  the  interior  portions  of  the  boron  mantle 
creates  a net  volume  increase  resulting  in  elongation  and  densi- 
fication  of  the  boron. 

Atomic  mobility  is  of  course  temperature  dependent  consequently 
the  elongation  behavior  as  a function  of  temperature  can  be 
rationalized  from  this  phenomena.  At  the  high  deposition  tem- 
perature, surface  mobility  of  the  boron  atoms  is  sufficiently 
great  that  they  can  immediately  migrate  to  their  lowest  energy 
position.  This  leads  to  little  or  no  elongation  in  filament 
prepared  at  temperatures  such  that  they  are  crystalline.  On 
the  other  extreme  at  extremely  low  deposition  temperature  (for 
example  1000°C)  surface  mobility  of  the  boron  atoms  is  minimal 
resulting  in  their  being  tramped  by  deposition  of  subsequent 
layers  of  deposited  boron.  This  leads  to  a less  than  theoretically 
maximum  density  in  the  deposited  boron.  With  time,  bulk  diffusion 
of  boron  atoms  inward  towards  the  core  and  vacancies  outward 
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towards  the  surface  creates  the  observed  elongation  phenomenon 
and  densif ication  of  the  inner  regions  of  the  boron  filament. 

Evidence  for  this  model  is  given  by  the  fact  that  the  greatest 
elongations  are  observed  at  the  low  deposition  temperature  de- 
creasing in  magnitude  as  the  temperature  is  increased.  Also, 

1 6 

supporting  evidence  was  given  by  DiCarlo  who  recently  made 
measurements  which  allow  one  to  suggest  that  there  is  a radial 
density  variation  whereby  the  surface  layers  are  less  than  the 
average  density  in  the  bulk  of  the  fiber. 

Assuming  the  validity  of  the  above  model  for  elongation 
it  was  felt  that  one  should  be  able  to  detect  localized  structural 
and/or  microstructural  variations  between  the  first  deposited 
boron  layers  and  those  on  the  surface.  In  order  to  test  for 
this,  longitudinally  split  boron  filaments  with  the  core  removed 
were  thinned  (with  an  ion  milling  machine)  from  the  outside  in 
(to  study  the  bulk  material)  and  from  the  inside  out  (to  study 
the  surface  layers)  . Figures  8 and  9 depict  transmission  electron 
micrographs  along  with  electron  diffraction  patterns  from  the  inner 
and  outer  portions  of  the  filament.  The  primary  difference  observed 
between  the  inner  and  outer  microstructure  is  a regularly  spaced 
rod-like  annearemce  approximately  1000  R in  diameter  separated  by 
less  dense  areas  for  the  outer  surface  (Figure  3).  The  inner  sur- 
face exhibited  a rather  uniform  microstructure  with  no  pronounced 
features . 

The  electron  diffraction  patterns  from  both  regions  were 
basically  identical,  being  the  normal  pattern  of  diffuse  halos 
at  4.3  R,  2.5  R,  1.7  R,  1.4  R previously  shown  for  "amorohous" 
boron.  No  difference  in  line  width  or  spacings  was  noted  for 
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the  two  regions  nor  was  the  presence  of  other  crystalline  phases 

17 

detected  as  previously  reported  . Figure  10  shows  a region 

near  the  surface  between  two  of  the  rod-like  structures.  What 

o 

appears  to  be  small  dense  areas  or  particles  (up  to  100  A in 
diameter)  are  present  in  the  material  between  the  rods.  Electron 
diffraction  patterns  of  these  areas  did  not  yield  any  additional 
information  other  than  reported  above.  If,  in  fact,  these  are 
microcrystallites  Qf  s-rhombohedral  boron  as  has  been  previously 
suggested^  they  do  not  appear  to  produce  a characteristic 
diffraction  pattern. 
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Anelastic  Deformation 

DiCarlo'*"3  has  recently  suggested  that  all  non-elastic  de- 
formation in  boron  fibers  can  be  explained  by  an  anelastic  model. 
In  other  words  deformation  in  the  boron  is  recoverable  with  time 
and  temperature  upon  removal  of  the  deforming  stress.  This  was 
demonstrated  by  applying  a bending  stress  to  a filament  while 
heating  and  then  allowing  to  cool.  After  cooling  the  filament 
retained  the  imposed  curvature.  Upon  reapplication  of  heat, 
the  filament  returned  to  its  original  straight  configuration. 

To  determine  if  anelasticity  was,  in  fact,  active  axially 
in  the  filaments  experiments  were  made  to  heat  the  filaments  at 
900°C  while  measuring  elongation  (contraction)  as  a function  of 
time.  Figure  11  depicts  these  results  for  boron  filaments  with 
four  different  histories. 

There  were: 

1.  standard  production  4 mil  boron  on  tungsten  (B/W) 
recently  made 

2.  standard  production  4 mil  boron  on  tumsten  stored  for 
4 years 

3.  standard  production  4.2  mil  boron  on  carbon  (B/C) 

4.  standard  production  4.2  mil  boron  on  carbon  etched  on 
2.95  mils  diameter. 

The  figure  shows  that  all  of  the  boron  filaments  contract 
upon  application  of  heat  (thermal  expansion  effects  have  been 
substracted  from  the  data) . After  19  minutes  the  standard 
product  a n B/W  contracted  by  1.7%.  Standard  production  filament 
that  had  been  stored  for  4 years  contracted  somewhat  less  (1.4%) 
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indicating  some  recovery  even  at  room  temperature.  Boron  on 
carbon  filament  exhibited  a contraction  of  approximately  1% 
after  10  minutes.  Similar  B/C  filament  that  had  been  reduced 
in  diameter  by  etching  thereby  redistributing  residual  stresses 
in  the  filament  contracted  only  by  approximately  0.3%.  Etching 
the  filament  removed  the  compressive  layer  on  the  outer  surface 
of  the  fiber  letting  the  high  tensile  forces  in  the  inner  portion 
to  relax.  This  in  itself  permits  some  contraction  in  the  filament 
thereby  lessening  the  contribution  from  the  annealing. 

The  surprising  factor  in  these  data  is  the  magnitude  of  the 

contraction.  The  magnitude  of  contraction  from  etching  is  0.17%. 

This  places  the  tungsten  boride  core,  which  is  bonded  to  the 

boron  sheath,  in  very  high  comprssion  (a  value  of  -163,000  psi 

1 8 

has  been  calculated  for  the  change  in  core  stress) . Consequently 
with  the  core  constraining  the  boron  it  is  difficult  to  see  how  the 
filament  can  contract  further  without  debonding  from  the  core. 

In  addition  filament  that  had  been  annealed  in  the  various 
atmospheres  exhibited  slight  curviness  and  was  extremely  brittle. 
There  was  no  evidence  of  crystallization.  To  determine  if,  in 
fact,  there  was  some  internal  factor  leading  to  the  large  con- 
tractions measured,  filament  that  had  been  annealed  was  cleaved 
(i.e.  scratched  with  diamond  paste  and  then  flexed  to  fracture 
the  filament  smoothly  across  the  cross  section-  This  presents 
an  undisturbed  surface  such  as  would  be  obtained  if  the  filament 
were  polished.  ) . It  was  then  examined  in  a scanning  electron 
microsope.  Figure  12  is  a scanning  electron  micrograph  of  the 
cross  section  of  a filament  annealed  in  H2-  Large  voids  can  be 
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detected  around  the  core  interface  separating  the  core  from 
the  bulk  boron. 

To  determine  if  this  phenomenon  was  atmosphere  sensitive 
a series  of  experiment  was  conducted  to  anneal  filaments  at 
900°C  for  10  minutes  in  various  inert  environments.  Figure  13 
shows  the  data  obtained  from  these  experiments.  It  can  be  seen 
that  in  H2/  N2  and  Ar  environments  contraction  ranged  between 
1.0  and  1.7%  after  10  minutes.  In  the  helium  environment, 
however,  the  contraction  was  nearly  4%  after  10  minutes.  Fila- 
ments from  each  of  these  runs  were  cleaved  and  examined  in  the 
SEM.  Figure  14  depicts  representative  cross  sections  from 
each  of  these  environments.  It  can  be  observed  that  in  every 
instance  there  are  voids  formed  around  the  core  and  separation 
from  the  core.  The  most  dramatic  case  is  that  of  the  filament 
annealed  in  He  (Figure  14d) . A very  large  void  has  formed  in 
the  center  allowing  separation  of  the  tungsten  boride  core. 

The  core  is  displaced  to  one  side  of  the  void  and  probably  is 
buckling  along  the  length  of  filament.  The  buckling  of  the 
core  and  hence  lack  of  constraint  on  the  bulk  boron  allows  the 
large  contraction  observed  4%).  Figure  15  presents  higher 
magnification  micrographs  of  the  core  region  showing  various 
stages  of  void  formation  and  core  separation. 

The  presence  of  the  voids  around  the  core  allows  the  boron 
sheath  to  be  released  from  the  constraining  core  which  permits 
the  large  contraction  observed.  By  this  separation,  the  larqe 
residual  tensile  stresses  in  the  boron  sheath  are  allowed  to 
relax  plus  any  anelastic  effect  is  allowed  to  recover  leading 
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to  the  large  contraction.  It  might  be  noted  that  there  is  not 
radial  crack  in  any  of  the  cross  sections  implying  that  the  void 
formation  relieved  residual  stresses  in  the  filament. 

The  immediate  question  that  is  suggested  by  the  above 
observations  is  where  did  the  boron  go  which  formed  the  voids. 

One  possible  explanation  is  further  diffusion  and  reaction  in 
the  tungsten  boride  core.  Measurements  show,  however,  that  there 
is  no  increase  in  diameter  of  the  core  as  would  be  expected  if 
further  boride  formation  occurred.  To  determine  if  the  core 
had  any  influence  on  the  void  formation  a boron  on  carbon  filament 
was  annealed  in  Ar  and  subjected  to  SEM  examination.  In  this 
type  of  filament  there  is  no  reaction  in  the  core  to  form  boride 
phases.  Figure  16  shows  the  cross  section  of  a boron  on  carbon 
filament  annealed  in  Ar.  Extensive  void  formation  around  the 
core  region  is  obvious  and  is  similar  in  magnitude  to  those 
observed  in  B/W  filament.  Carbide  formation  in  the  core  is 
minimal  as  can  be  seen  in  the  micrograph  in  Figure  17.  The  boron 
carbide  diffusion  layer  (indicated  by  an  arrow)  is  only  slightly 
thicker  (approximately  1 |i  total  thickness)  than  in  as  produced 
B/C  filament.  This  suggests  that  core  influence  on  the  void 
formation  is  minimal. 

The  above  observations  indicate  that  there  is  a net  outward 

diffusion  of  boron  atoms  and  an  inward  diffusion  of  vacancies 

which  coalesce  to  form  the  internal  voids.  This  type  of  phenomenon 

has  been  preivously  observed  in  boron  filaments  when  fabricated 
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into  a titanium  matrix  composite  at  1000°C  for  10  minutes.  ' 

It  was  also  noted  in  one  of  these  studies  that  the  boron  fiber 
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diameter  does  not  change  significantly  . This  is  also  the 
case  in  the  present  study.  There  is  no  detectable  change  in 
diameter  as  a result  of  the  annealing  step.  Also  no  obvious 
surface  change  occurred  in  the  filaments  after  annealing. 

As  a further  experiment  B/W  filament  was  heated  in  vacuum 
(10~7  Torr)  to  approximately  the  same  temperature  as  the  annealing 
temperature  (900°C)  previously  used.  Figure  18  depicts  this 
filament.  It  can  be  immediately  seen  that  the  filament  has 
crystallized  at  this  temperature  in  vacuum.  However  it  can  be 
noted  that  there  is  no  pronounced  void  formation  as  was  detected 
when  the  filament  was  annealed  in  an  inert  environment.  This 
information,  along  with  the  core  evidence,  implies  that  the 
boron  atoms  are  diffusing  to  the  surface  and  being  removed  from 
there  in  some  manner.  This  could  occur  for  trace  amounts  of 
residual  oxygen  in  the  inert  gases  forming  boron  oxide  at  the 
surface.  Since  the  annealing  temperature  is  considerably  higher 
than  the  melting  point  of  B-,03  this  species  would  be  transported 
away  in  the  vapor.  The  only  other  possibility  for  an  explanation 
of  where  the  boron  is  going  would  be  a densif ication  of  the 
remainder  of  the  boron  sheath.  Although  this  is  obviously 
occurring  to  some  extent  (due  to  the  net  inward  diffusion  of 
vacancies)  it  is  not  felt  that  this  is  the  primary  mechanism. 
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Summary  and  Conclusions 

Measurements  have  been  made  to  determine  elongation  in 
boron  filaments  while  they  are  being  produced  by  chemical  vapor 
deposition.  To  date  the  primary  variable  that  appears  to  influence  , 

the  elongation  is  deposition  temperature  which  verifies  earlier 
results.  Small  amounts  of  additives  of  silicon  and  tungsten  have 
been  incorporated  into  the  filaments  via  the  gas  phase  to  determine  < 

if  this  approach  would  minimize  the  elongation.  No  positive  : 

results  were  obtained.  | 

Structural  and  microstructural  studies  on  the  filaments 

* 

using  transmission  electron  microscopy  and  diffraction  have 

shown  an  apparent  difference  in  boron  at  the  surface  and  that 

near  the  core.  The  surface  material  appears  to  grow  in  a column 

o . 

type  structure  approximately  1000  A in  diameter.  The  inner  sur- 
face presents  no  significant  structural  features.  Electron 
diffraction  studies  show  consistently  the  characteristic  broad 
halo  pattern  for  "amorphous"  boron  with  little  apparent  deviation. 

No  evidence  of  microcrystals  of  one  of  the  crystalline  polymorphs 
has  been  obtained  (as  was  reported  in  reference  17). 

Very  interesting  and  important  results  were  obtained  while 
annealing  boron  filaments  in  inert  environments.  The  filaments 
were  observed  to  contract  by  almost  2%  after  10  minutes  at  900°C. 

Examination  of  the  cross  section  of  these  filaments  show  extensive 
void  formation  in  the  region  adjacent  to  the  core.  The  experiments 
suggest  that  boron  is  being  removed  by  a surface  reaction  of  some 
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sort  but  at  the  present  time  must  remain  unspecified.  The  large 
amount  of  recovery  during  annealing  suggests  that  anelasticity 
is  active  axially  in  the  filaments. 
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Figure  1 

Typical  Fracture  Surface  for  a "Crack  Tip"  Mode  of  Failure 
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Figure  6 
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Figure  13 

Effect  of  Heat  Treating  Boron  Filament  in  Various  Environments 
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Figure  14 

SEM  of  Cross  Sections  of  Boron  Fibers 
Annealed  in  Various  Environment 


Figure  15 

SEM  of  Cross  Sections  of  Boron  Fibers 
Showing  Void  Formation  (Annealed  in  Ar) 


Figure  16 


SE!1  of  Cross  Section  of  Boron  on  Carbon  Fiber  Anneal 


Figure  17 

SEM  of  Interfacial  Region  in  Annealed  Boron 
on  Carbon  Filament 
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Figure  13 

SE.M  of  Filament  Annealed  in  Vacuum 
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